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Abstract 
Ubiquitin is induced by diverse stresses in all eukaroytes probably in reflection of the need for more extensive protein turnover by the 
ubiquitination system in stressed cells. To determine if ubiquitin overexpression can confer general protection against different stresses, 
yeast cells were engineered to overexpress ubiquitin and the effects of this overexpression  different stress tolerances determined. 
Ethanol and osmostress tolerances were slightly increased by ubiquitin overexpression, tolerance to heat was unaffected, while still other 
tolerances were reduced as compared to cells with normal ubiquitin levels. It is noteworthy that tolerance of the amino acid analogue 
canavanine was markedly increased by ubiquitin overexpression, yet resistance to at least three other agents that contribute to 
accumulation of aberrant proteins (arsenite, cadmium, paromomycin) was decreased. 
Keywords: Ubiquitin; Stress tole, rance; Protein damage; Cadmium toxicity ; (S. cerevisiae) 
1. Introduction 
Ubiquitin is a very highly conserved 76 amino acid 
protein found in all eukaryotic ells, its levels increasing in 
response to heat shock and many other stress conditions 
[1-8]. Many of the functions of ubiquitin require its initial 
ATP-dependent activation, leading to subsequent covalent 
attachment to the free amino groups of target proteins and 
other ligated ubiquitins. This 'ubiquitination' occurs 
through a series of sequential reactions involving the E1 
ubiquitin activating enzymes, the E2 ubiquitin conjugating 
enzymes and the E3 ubiquitin protein ligases (reviewed in 
[1,2]). The primary purpose of these reactions eems to be 
to tag or target proteins destined for intracellular degrada- 
tion, proteins that are abnormal or short lived becoming 
extensively polyubiquitinated immediately prior to their 
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degradation by the multicatalytic 26S proteasome complex. 
In a few specific cases ubiquitination of a protein appears 
not to be a signal for its degradation, as histones H2A and 
H2B, actin and integral membrane receptors exist in ubiq- 
uitinated form apparently as part of their normal cellular 
functioning [ 1,2]. 
It was recently shown that ubiquitin can engage in a 
tight noncovalent binding to other proteins, partially un- 
folding their native structures and rendering them suscepti- 
ble to proteasome degradation [9]. This chaotropic action 
may need to be limited in vivo since it could potentially 
inactivate or destabilise native proteins. This might be a 
reason that free ubiquitin is not normally in vast excess in 
the eukaryotic ell cytosol, but induced only in response to 
heat shock and other stressful conditions thought o neces- 
sitate more extensive protein turnover by the ubiquitination 
pathway [1-8]. We therefore used yeast to investigate 
whether the overexpression of ubiquitin causes major dis- 
turbances physiology or is generally protective against 
stress. We found that growth was not markedly altered by 
ubiquitin overexpression, but that this overproduction al- 
ters certain of the stress tolerances of the cells. 
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2. Materials and methods 
2.1. Yeast strains 
Saccharomyces cerevisiae strains SUB61 (MATa leu2 
ura3 his3 UBI4) and SUB63 (MATa leu2 ura3 his3 
ubi4::LEU2) are described in Ref. [3]. Strains 61-GUB and 
63-GUB were derived by integration of a single galactose- 
inducible polyubiquitin gene (GUB cassette) into the 
genome of SUB61 and SUB63, respectively, as described 
in Ref. [14]. 
tions of canavanine, cadmium chloride, sodium arsenite or 
paromomycin. Colonies were counted after 3 days at 28 ° C, 
percentage viabilities being expressed relative to the plat- 
ing efficiencies of cells plated identically but for the 
absence of any stress agent. Error bars (Figs. 2,3) represent 
the standard eviation of two identically-performed experi- 
ments in which at least 300 colonies were counted for each 
data point. 
2.5. Liquid culture assays of tolerance to potentially lethal 
ethanol, salt or heat stress 
2.2. Media and shake flask culture 
Cultures were grown on either complex medium (2% 
bactopeptone, 1% yeast extract (all % values % (w/v)) 
with 2% glucose (YPD medium) or 2% galactose (YPGal 
medium) as carbon source; or standard efined minimal 
medium (0.67% (w/v)  yeast nitrogen base without amino 
acids (Difco), plus leucine (30/zg/ml), uracil (20/~g/ml), 
histidine (20 /zg/ml), tryptophan (20 /zg/ml) and lysine 
(20 /zg/ml) supplements and either 2% glucose (SD 
medium) or 2% galactose (SGal medium) as carbon 
source). Plates were the same media plus 1.5% Bacto-agar. 
2.3. Labelling in sulfate-free medium and ubiquitin analy- 
sis 
Sulfate-free minimal medium was prepared as in Ref. 
[10] with supplements of leucine (30 /zg/ml), uracil (20 
/zg/ml), histidine (20 /zg/ml), tryptophan (20 /xg/ml) 
and lysine (20 /zg/ml) and either 2% glucose (sufate-free 
SD) or 2% galactose (sulfate-free SGal). Cultures were 
initially grown on standard SD or SGal medium at 28 ° C to 
mid-log phase (an OD550n m o f  0 .5 -1 ) ,  centrifuged, washed 
once in sulfate-free SD or SGal and then resuspended in
one-fifth the original culture volume of the same medium. 
Protein labelling (28 ° C) involved incubating 0.5 ml of 
these concentrated cells with 50 /zCi [355]H2504 (1200 
Ci/mmol, New England Nuclear). At the end of the 
labelling period samples of total cell protein were prepared 
by glass bead vortexing [11] and analysed either on 12.5% 
polyacrylamide g ls as in [11], or on the SDS-Tricine gel 
system of Huang and Matthews [12] using as length mark- 
ers the horse heart myoglobin fragment kit (Pharmacia). 
2.4. Plate assays for colony formation in the presence of 
protein damaging agents 
SUB61 and 61-GUB were grown to mid-log overnight 
at 28°C in YPGal, then exposed to the stated stress for 
different periods, diluted > 50-fold in YPGal (28 ° C) lack- 
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Cells were grown to mid-log overnight at 28°C in 
either SD or SGal. They were then diluted appropriately 
(to 0.5-2- 103 cells ml-1) in the same 28°C medium and 
immediately plated (200-300 cells per plate) on either SD 
plates (for the SD medium cultures) or SGal plates (for 
SGal cultures), plates that contained the stated concentra- 
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Fig. 1. (A) Growth of SUB61 (open symbols) and 61-GUB (solid 
symbols) in shake-flask YPGal culture at 28 ° C. (B) Low molecular 
weight proteins labelled in sulfate-free SGal SUB61 and 61-GUB cultures 
during a 20 min incubation with [35S]H2SO4. Protein analysis used the 
SDS-Tricine gel system [12], the positions of unlabelled ubiquitin and of 
horse heart myoglobin fragment gel markers being as indicated. 
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ing stress agent and immediately plated on YPD plates. 
Colonies were counted after 3 days at 28 ° C, percentage 
viabilities being expressed relative to the plating efficiency 
of cells treated identically but for the absence of the stress 
agent. 
effects on growth, the growth of 61-GUB on galactose 
medium being similar to the growth of the parental strain 
(SUB61) that lacks the GUB cassette (Fig. 1A). 
3.2. Ubiquitin overexpression protects cells against cana- 
vanine 
3.  Resu l ts  
3.1. Overexpression of ubiquitin is not inhibitory to yeast 
growth 
SUB61 and SUB63 are two S. cerevisiae strains that 
were previously used for studies of the effects of ubiquitin 
underexpression [3,8]. They are completely isogenic but 
for a LEU2 gene replacement of the UBI4 polyubiquitin 
gene in SUB63 [4] Strains 61-GUB and 63-GUB are 
identical to SUB61 and SUB63, respectively, but for the 
integration of a single galactose-inducible polyubiquitin 
gene (GUB) at the trpl locus [13,14]. The GUB cassette (a 
GALl promoter-UBI4 gene fusion) causes overexpression 
of ubiquitin in galactose-grown cells of 61-GUB and 63- 
GUB. This overexpressed ubiquitin is readily detectable on 
Tricine-SDS gels of low molecular weight proteins (Fig. 
1B), while northern blot analysis of UBI4 transcripts [14] 
indicates an approximate 50-fold increase in GUB cas- 
sette-derived UBI4 mRNA levels as 61-GUB and 63-GUB 
are transferred from glucose to galactose. However, this 
ubiquitin overexpression does not have markedly adverse 
Canavanine is an arginine analogue that is readily incor- 
porated into proteins in vivo, causing cells to accumulate 
aberrant protein. The mammalian cell cycle mutant s85 
was originally used to show that amino acid analogue-con- 
taining proteins are degraded by the ubiquitination path- 
way [15,16]. The plating efficiency of cells of the ubi4 
mutant SUB63 on canavanine is much lower than for 
wild-type cells (Ref. [3]; also Fig. 2A,C), indicating a 
reduced capacity for turnover of canavanine-containing 
proteins in these cells. This defect is more than compen- 
sated for by ubiquitin overexpression (compare 63-GUB 
cells plated on glucose and galactose (Fig. 2D) with SUB63 
(Fig. 2C)). Indeed the ubiquitin overexpression with the 
GUB cassette induction of strains 61-GUB and 63-GUB 
growing on galactose gives a higher tolerance of canava- 
nine than in SUB61 cells with their normal ubiquitin levels 
(compare Figs. 2B,D with Fig. 2A). However, it is difficult 
to explain why this elevated resistance of 63-GUB grown 
on galactose should be slightly lower than that of 61-GUB 
grown under identical conditions (Figs. 2B,D), since any 
ubiquitin insufficiency due to the deletion of the chromo- 
somal UBI4 gene in the former strain should be more than 
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Fig. 2. The effects of normal ubiquitin levels (strain SUB61), ubiquitin underexpression in the ubi4 mutant (strain SUB63 grown on glucose) and ubiquitin 
overexpression (galactose-grown 61-GUB and 63-GUB) on the sensitivity of yeast to canavanine. Cultures of SUB61 (A), 61-GUB (B), SUB63 (C) and 
63-GUB (D) were spread on glucose (SD medium) plates (open symbols) or galactose (SGal medium) plates (closed symbols) containing up to 0.8 /xg/ml 
canavanine. Note that survival with ubiquitin overexpression (the galactose-grown cells in B,D) is higher than for SUB61 cultures with their normal 
ubiquitin levels and that the canavanine sensitivity of the ubi4 strain SUB63 (C) is more than compensated for by ubiquitin overexpression f 63-GUB 
grown on galactose (D). 
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compensated by the high ubiquitin overexpression on 
galactose. 
Comparing glucose-grown SUB61 (Fig. 2A) with 61- 
GUB (Fig. 2B); also SUB63 (Fig. 2C) with 61-GUB (Fig. 
2D), it is also apparent that there is a slightly-increased 
resistance to canavanine due to the GUB gene when cells 
are plated on glucose. This can be attributable to the low 
expression of this gene in glucose-grown cells, detectable 
by northern blotting [14]. 
3.3. Ubiquitin overexpression decreases tolerance of ar- 
senite, cadmium and paromomycin, three other agents that 
cause cells to accumulate aberrant protein 
The toxic effects of arsenite and cadmium are thought 
to be due in part to the disruption that they cause to the 
structure of cellular proteins. The basis of resistance to 
cadmium is complex but a crucial factor in yeasts is 
known to be the cellular levels of glutathione, a molecule 
which both binds heavy metal ions and acts in reactive 
oxygen intermediate detoxification [ 17-19]. Paromocycin 
is an aminoglycoside antibiotic that not only inhibits trans- 
lational elongation, but also affects newly-synthesised pro- 
teins by causing a high frequency of translational errors 
[20]. Arsenite, cadmium and paromomycin all induce heat 
shock proteins in yeast [20,21 ]. Ubiquitin-dependent prote- 
olysis is important for cadmium resistance [7], while both 
cadmium and paromomycin act as inducers of the single 
polyubiquitin gene in wild-type yeast cells [7,20]. 
Comparing the colony formation of 61-GUB plated on 
glucose or galactose plates in the presence of either sodium 
arsenite or cadmium chloride, it was apparent hat the 
ubiquitin overexpression on the galactose plates slightly 
decreased plating efficiency in the presence of these agents 
(Fig. 3A,B). Plating efficiencies were only slightly reduced 
by arsenite or cadmium chloride concentrations below 40 
/zg/ml and 4/zg/ml ,  respectively, the effects of ubiquitin 
overexpression ly becoming apparent at higher arsenite 
or cadmium concentrations that produced appreciable 
killing. However, the effects of ubiquitin overexpression 
on susceptibility to paromomycin were much more dra- 
matic, this antibiotic ombined with ubiquitin overexpres- 
sion causing large reductions in plating efficiency (Fig. 
3C). 
3.4. Ubiquitin overexpression slightly increases ethanol 
and salt tolerance, but has little effect on viability at the 
highest temperatures of growth or thermotolerance at
higher more lethal temperatures 
Heat shock to the highest temperatures that permit S. 
cerevisiae cell division causes vegetative cells to arrest 
transiently in the G1 phase of the cell cycle, this growth 
arrest possibly arising from a temporary destabilisation of
cyclins (reviewed in Ref. [21]). At these temperatures 
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Fig. 3. The influence of ubiquitin overexpression n 61-GUB cells on 
sensitivity o (A) sodium arsenite, (B) cadmium chloride and (C) paro- 
momycin. Mid-log SGal-grown cells of SUB61 (open symbols) and 
61-GUB (closed symbols) were plated onto SGal plates (a control) and 
SGal plates with the stated amounts ofthese agents ( ee Section 2). 
many S. cerevisiae strains also show a significant rate of 
cell death [22], although this is not a property of all strains 
of this species [29]. The underexpression of ubiquitin 
caused by the inactivation of the UBI4 gene increases the 
rate of this cell death in fermentative cultures of strain 
SUB63 maintained at 38.5 °C [3]. The effects of this ubi4 
mutation on 38.5°C cell inactivation are even more pro- 
nounced in respiratory cultures [8]. However, ubiquitin 
overexpression in 61-GUB was not protective to fermenta- 
tive cells maintained at 38.5°C after growth at 28°C 
(compare SUB61 and 61-GUB on galactose; Fig. 4C). It 
also did not protect against the much more rapid cell 
inactivation in cells rapidly shifted from 28°C to 50°C 
(Fig. 4D). 
Exposure of SUB61 and 61-GUB to galactose medium 
containing either 15% ethanol (Fig. 4A) or 2.5 M NaC1 
(Fig. 4B) revealed the ubiquitin overexpression of the 
latter strain causing small increases in survival of sudden 
potentially lethal ethanol or osmostress exposure. Ubiqui- 
tin overexpression also slightly increases tolerance of ultra- 
violet irradiation [13]. The factors that influence survival 
of ethanol and heat stress are thought 6 be very similar 
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Fig. 4. Ubiquitin overexpression in 61-GUB slightly increases tolerances of ethanol (A) and salt stress (B), but has no significant influence over 
thermotolerance levels (C,D). SUB61 (open symbols) and 61-GUB (closed symbols) were grown on YPGal to mid-log phase at 28 ° C, then treated in 
liquid YPGal medium to: (A) 15% (v/v)  ethanol at 28 ° C; (B) 2.5 M NaC1 at 28 ° C, (C) heat shock at 38.5 °C; (D) heat shock at 50 ° C. After the times 
indicated, cells were diluted in 28 ° C YPD and spread onto YPD plates for viability determinations (see Section 2). 
[24], as are the proteins induced in yeast cells in response 
to heat and to ethanol [24]. Also yeast cells naturally 
increase their ubiquitin levels through UBI4 gene induc- 
tion in response to both heat [3,25] and ethanol [24,25]. 
However, UBI4 is not strongly induced by osmostress [25] 
and the factors determining survival of osmostress are 
generally different from those determining survival of 
potentially heat or ethanol (reviewed in Ref. [21]). It is 
difficult at present to explain why ubiquitin overexpression 
might lead to a higher osmostress protection (Fig. 4B). 
4. Discussion 
Three of the ubiquitin genes of S. cerevisiae (UBI1-3) 
encode hybrid proteins of ubiquitin fused to an unrelated 
carboxyl extension protein (CEP) [1,2]. The CEP compo- 
nents of yeast UBI1 and UBI3 are ribosomal proteins, 
whose transient N-ubiquitination due to synthesis as ubiq- 
uitin-CEP fusions probably serves to increase their stabil- 
ity prior to their incorporation into ribosomes [26]. The 
fourth gene, UBI4, encodes a polyubiquitin of five head- 
to-tail ubiquitin repeats, a precursor that is cleaved to 
ubiquitin monomers immediately after synthesis [1,2]. Even 
with the overexpression f UBI4 in strains 61-GUB and 
63-GUB grown on galactose the western blots of the 
proteins of these cultures how no additional cross-reacting 
proteins when probed with an anti-ubiquitin conjugate 
antiserum [13], bands thai: might reflect he activity of the 
endopeptidase that cleaves this polyubiquitin precursor 
becoming a limiting factor in ubiquitin overexpression. 
Yeast cells in respirofennentative growth on high sugar 
substrates derive most of their ubiquitin from the cleavage 
of the ubiquitin-CEP fusions encoded by UBI1-3 since 
UBI4 is only weakly expressed in these cells [1,2]. UBI4 
is, however, induced to higher levels of expression under 
conditions of completely respiratory growth, heat shock, 
treatment with DNA-damaging alkylating agents or cad- 
mium, nutrient limitation and a/a  diploid sporulation 
[3-8]. Ubiquitin production from UBI4 expression also 
contributes to the survival of many of these stress condi- 
tions [3-8]. 
Cells of very diverse eukaryotic species increase their 
ubiquitin levels in response to stress [1,2]. Also studies on 
S. cerevisiae strains SUB61 and SUB63 have shown that 
the ubiquitin underexpression f the latter strain lowers 
tolerances of many different stresses [3-8]. This suggested 
ubiquitin overexpression to us as a possible way to en- 
hance stress protection. Using strains with a galactose-in- 
ducible polyubiquitin gene we found that only certain 
tolerances are increased by this overexpression, whereas 
other stress tolerances are either unaffected or decreased. 
Tolerance to heat is unaffected by ubiquitin overexpression 
(Fig. 4C,D), other tolerances (e.g. to ethanol, osmostress 
and canavanine; Figs. 2 and 4A,B) are increased, while 
still more tolerances (e.g., to arsenite, cadmium and paro- 
momycin; Fig. 3) are decreased by elevated ubiquitin 
levels. Most unexpected was the finding of ubiquitin over- 
expression having dramatically opposite ffects on differ- 
ent agents causing accumulation of aberrant protein in 
cells. Both canavanine (Fig. 2) and paromomycin (Fig. 3C) 
will cause in vivo synthesis of aberrant proteins, canava- 
nine through being incorporated as a nonstandard amino 
acid and paromomycin through its causation of an in- 
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creased translational error frequency. This reinforces the 
view that there are fundamental differences to the protein 
damage caused by amino acid analogues, cadmium and 
heat [27,28]. This study also provides further evidence that 
changed ubiquitin levels exert effects on several stress 
tolerances. 
Ubiquitin overexpression is not appreciably detrimental 
to yeast growth (Fig. 1B), despite the reported chaotropic 
effects of ubiquitin on protein structure [9]. There are, 
however, other intriguing consequences of ubiquitin over- 
expression. An unexpected finding, from investigation of 
the same ubiquitin-overexpressing trains as used for this 
study, has been the demonstration that ubiquitin overex- 
pression gives seven to 10-fold increases in the capacity of 
yeast to secrete a heterologous protein (human leucocyte 
elastase inhibitor) [14]. There is as yet no other evidence 
that ubiquitin levels can influence secretion. It is conceiv- 
able that this beneficial influence of high ubiquitin levels 
on the secretion of some, but not all, proteins from yeast 
reflects a chaperone action of ubiquitin in helping maintain 
the unfolded state of certain secretory precursors during 
translocation out of the cell [14]. A chaperone role for 
ubiquitin has also been proposed uring ribosome biogene- 
sis [26]. 
It is becoming apparent that different strategies will be 
needed to engineer cells for increased levels of different 
stress tolerances. Thus heat shock protein Hspl04 is one 
determinant of ethanol tolerance, thermotolerance at high 
potentially lethal temperatures and certain other tolerances 
[23]. Cells overexpressing Hspl04 might therefore have an 
increased heat and ethanol tolerance. While both the un- 
derexpression [3] and the overexpression f ubiquitin (Fig. 
4C,D) do not affect high temperature thermotolerance and 
ubiquitin overexpression only slightly increases ethanol 
tolerance (Fig. 4A), ubiquitin levels do exert strong influ- 
ences over certain other tolerances (Figs. 2; 3C). Different 
stress tolerances are therefore not always determined by 
the same factors. Engineering ubiquitin overexpression 
into cells increases canavanine r sistance (Fig. 2) but is of 
no value for increasing tolerances of many other protein 
damaging agents (Fig. 3). 
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